Visual system development is light-experience dependent, which strongly implicates epigenetic mechanisms in lightregulated maturation. Among many epigenetic processes, genomic imprinting is an epigenetic mechanism through which monoallelic gene expression occurs in a parent-of-origin-specific manner. It is unknown if genomic imprinting contributes to visual system development. We profiled the transcriptome and imprintome during critical periods of mouse visual system development under normal-and dark-rearing conditions using B6/CAST F1 hybrid mice. We identified experience-regulated, isoform-specific and brain-region-specific imprinted genes. We also found imprinted microRNAs were predominantly clustered into the Dlk1-Dio3 imprinted locus with light experience affecting some imprinted miRNA expression. Our findings provide the first comprehensive analysis of light-experience regulation of the transcriptome and imprintome during critical periods of visual system development. Our results may contribute to therapeutic strategies for visual impairments and circadian rhythm disorders resulting from a dysfunctional imprintome. † These authors contributed equally to this work.
Introduction
The human visual system uses many parallel pathways to control distinct non-image-forming functions and visual perception (1) . In one pathway, which generates visual perception or vision, photic stimuli are transduced in the retina, sent to the lateral geniculate nucleus and then to the visual cortex. Impairment in the visual cortex (cortical visual impairment) or eye (ocular visual impairment) causes cortical blindness or retinopathy, respectively. In a parallel pathway, which regulates 24-h oscillations known as circadian rhythms, the retina transduces photic stimuli directly to the suprachiasmatic nucleus (SCN), the central biological clock that controls many physiological functions. An absence of circadian rhythms or disrupted circadian clocks is associated with mood-related disorders (2) , obesity (3), cardiovascular diseases (4) and even cancer (5) . Development and maturation of the visual system are exceptionally plastic and heavily light-experience dependent, which can influence retinal development, maturation of the visual cortex and synchronization of neurons in the SCN, thereby affecting visual pathways. For instance, light deprivation during the critical period of visual cortex development results in disruption of both ocular dominance plasticity and the visual cortical transcriptome (6) (7) (8) (9) . These disruptions could occur through epigenetic mechanisms (10) (11) (12) . Although several environmental stimuli can influence the circadian clock, light is one of the strongest cues to align the circadian pacemaker to the daily solar cycle (13) . These multiple lines of evidence suggest a contribution of epigenetic mechanisms to light-regulated plasticity in these two parallel visual pathways.
Epigenetic machinery can alter gene expression without changing the genetic sequence (14) . Genomic imprinting, which appears to be particularly important in the nervous system and the placenta, is an epigenetic process through which monoallelic gene expression occurs in a parent-of-origin-specific manner (15) . Dysregulation of imprinted genes causes various neurological and psychiatric disorders such as Temple and Kagami-Ogata syndromes (16) (17) (18) , Angelman syndrome (19, 20) and Prader-Willi syndrome (21) . Imprinted genes dysregulation has also been reported to be associated with autism spectrum disorders (22, 23) , Rett syndrome (24), Turner's syndrome (25) and myoclonus-dystonia syndrome (26) . Accordingly, there is a need to characterize imprinted genes in the nervous system and to understand their underlying biology. Genomic imprinting status can be altered by topoisomerase I inhibitors, derived from the natural product camptothecin (27) . However, to the best of our knowledge, no studies have been conducted on alterations of genomic imprinting in the two parallel visual pathways, particularly with regards to environmental contributions.
Experience-dependent plasticity during critical periods of visual system development makes the visual system ideal for studies on alterations of genomic imprinting, especially with regards to light-experience regulation of the dynamic imprintome in the mouse. We developed a reliable method to investigate the light-regulated imprintome in the parallel visual pathways of visual perception and circadian rhythms. We comprehensively profiled the transcriptome and imprintome [the set of all imprinted messenger RNAs (mRNAs), long non-coding RNAs (ncRNAs) and miRNAs] in the retina, SCN, visual cortex and motor cortex under normal-and dark-rearing conditions at postnatal day 28 (P28), which is when most development of the visual system finishes (28, 29) . The motor cortex is not involved in the visual sensory system and therefore was used as a negative control for our study. We observed the imprinting status of the protein-coding gene H13 was partially altered by light experience. In addition, we identified isoform-and brainregion-specific imprinted genes such as Ago2, Trappc9 and Rtl1. We also comprehensively profiled imprinted miRNAs in the mouse visual system, which were predominantly clustered into the Dlk1-Dio3 imprinted locus. Light experience altered the expression of some of these miRNAs.
Although underlying mechanisms of the visual imprintome remain to be further investigated, our findings provide the first comprehensive analysis of the light-experience regulation of the transcriptome and imprintome during critical periods in visual system development. More importantly, our results may provide therapeutic strategies for genomic imprinting disorders with an emphasis on visual impairments and circadian rhythm disorders.
Results
Comprehensive profiling of the transcriptome and imprintome following closure of critical periods of mouse visual system development with light manipulation
To investigate the role of genomic imprinting in the brain with an emphasis on the visual system, we employed a multistage approach, which enabled us to identify parent-of-origin-specific expression patterns on a genome-wide scale. Reciprocal hybrid B6/CAST F1i and F1r mice (n ¼ 1 for F1i and F1r) were used for all RNA-Seq experiments and all subsequent validation and experimental studies. B6/CAST hybrid backgrounds have the advantage of yielding more identifiable parental origin-specific single nucleotide polymorphisms (SNPs) (30) . We took advantage of the fact that maturation of the visual cortex occurs during a critical developmental period. Although mice open their eyes at P11, a critical period for the maturation of ocular dominance plasticity in the visual cortex is between P22 and P28, a process requiring exposure to light (29, 31) . Therefore, to determine the effect of light manipulation, we designed an environmental system for genetic and behavioral analysis of mice reared from birth to P28 in conditions of either a 12-h light/dark cycle (normal-reared, NR) or complete darkness (dark-reared, DR). The SCN and retina mature at approximately P10 (32) and P21 (33, 34) , respectively, which require light experience (34) (35) (36) . Therefore, total darkness from P0 to P28 encompasses the entire range of maturation periods for both structures. RNA was extracted from the retina, motor cortex, SCN and visual cortex of P28 mice for genome-wide RNA-Sequencing (RNA-Seq) with follow-up allele-specific expression analysis. MassARRAY platform analysis and Sanger sequencing further confirmed imprinted genes and miRNA candidates, respectively. A flowchart of our multistage approach is shown in Figure 1a . To confirm the reliability and validity of our environmental system, we evaluated three activity-dependent genes in the visual cortex of NR and DR mice. Previous studies have shown that the expression levels of activity-dependent genes such as Bdnf, Egr1 and Arc are reduced in the visual cortex of DR mice in comparison to NR mice. In our study, similar reductions of these genes were seen in the visual cortex of DR mice, relative to control NR mice (Fig. 1b) . In addition, wheel-running activity showed DR mice were free-running according to their endogenous circadian clock, which confirmed DR mice experienced constant darkness in our environmental system (Fig. 1c) . There is no significant difference of total wheel-running activity between NR and DR mice [wheel revolution count ¼ 14 808 6 7072 for NR mice (n ¼ 5), wheel revolution count ¼ 6543 6 2614 for DR mice (n ¼ 3), Student's t-test, two-tailed, P ¼ 0.17, data were shown as mean 6 S.D.]. These data validate our system for the study of the environmental effects of light on the regulation of the imprintome during critical periods of visual system development.
We detected a distinct parental expression pattern on a genome-wide scale in the P28 visual cortex of NR mice, which exhibited a diagonal line with a predominantly paternally expressed cohort, and a predominantly maternally expressed cohort (Fig. 1d) . This parental expression pattern has been observed consistently in individual cell types of mouse visual cortex (37) . Taken together, these results confirmed our multistage approach can be employed to reliably measure allelespecific expression on a genome-wide scale within different regions of the brain, and can also detect changes in the expression levels of activity-dependent genes resulting from light manipulation.
Light-experience regulation during critical periods results in distinct transcriptome patterns in different regions of the mouse visual system
To determine light-experience regulation of the dynamic transcriptome during critical periods of mouse visual system development, we used RNA-Seq to profile the transcriptome resulting from light manipulation in the retina, motor cortex, SCN and visual cortex from P28 mice (Fig. 2a) . We observed brain-regionspecific transcriptome patterns (Figs 2b and S5 ). GO analysis was performed for light-regulated genes in above four brain regions. We found out up-regulated genes in the motor cortex of DR mice are related to the response to light Expression levels of three activity-dependent genes (Bdnf, Egr1 and Arc) were measured with RT-qPCR in the visual cortex of normal-reared (NR) and dark-reared (DR) P28 mice. Genes were normalized to B2m. Student's t-test, two-tailed, ***P < 0.001, *P < 0.05, n ¼ 5 per group. (c) Representative actograms demonstrate differences in wheel-running activity of NR and DR P28 mice (top and bottom, respectively). White background indicates light cycle; gray background indicates dark cycle; black marks indicate wheel revolutions; red line indicates the daily phase-shift. n ¼ 3 per group. (d) Genome-wide maternal and parental allele-specific expression patterns were analyzed after RNA-Seq from P28 F1i NR mouse visual cortex. FPKM values were log10 transformed and shown in x-and y-axes. F1i ¼ initial cross. Table S1 ). Moreover, we examined brain-region-enriched miRNAs in the retina, motor cortex, SCN and visual cortex and identified brain-region-specific miRNAs in all these tissues (Fig. 2g) . Next, we determined a change in expression levels of miRNA in the retina, motor cortex, SCN and visual cortex of DR mice, suggesting miRNAs could be regulated by light experience (Fig. 2h) . miRNA enrichment analysis which provides functional analysis of sets of miRNAs was performed for light-regulated miRNAs in above four brain regions. However, we did not find any significant result (Supplementary Material, Table S2 ). Our data show that distinct transcriptome patterns occurred in different regions of the visual system, during critical periods of visual system development, light experience affected the transcriptome in different brain regions. Furthermore, these effects of light experience in the visual system were brain-region-specific.
Distinct imprintome in different brain regions of the mouse visual system
To determine the imprintome in the visual system, we first profiled the parental gene and miRNA expression patterns in the retina, motor cortex, SCN and visual cortex of P28 NR mice with RNA-Seq of reciprocal hybrids and follow-up allele-specific expression analysis (Fig. 3a) . We observed one diagonal line and two parentally biased cohorts throughout all four brain regions for the gene (Fig. 3b) and miRNA ( Fig. 3c) expression. Genes and miRNAs within the diagonal line were expressed equally from paternal and maternal alleles. Genes and miRNAs above the diagonal line were predominantly expressed from maternal alleles; genes and miRNAs below the diagonal line were predominantly expressed from paternal alleles. The parental expression pattern for miRNAs was less exhaustive than that for regular and long non-coding genes, due to the limited availability of SNPs in primary miRNAs. The parental expression pattern (one diagonal line and two parentally biased cohorts) observed in different brain regions of mouse visual system is consistent with that observed in the individual cell types of mouse visual cortex (37) . This consistency suggests that the parental expression pattern is conserved from individual cell types to heterogeneous tissues, at least in the brain.
Next, we screened for imprinted gene and miRNA candidates on a genome-wide scale in reciprocal hybrid NR mice with RNASeq. We followed with validation of the candidate genes using a MassARRAY platform analysis and miRNAs using Sanger sequencing. Our two-step approach allowed us to identify and confirm imprinted genes and miRNAs in different regions of the mouse visual system (Supplementary Material, Fig. S6 , Supplementary Material, Tables S3-S5). We identified 25 imprinted genes and 7 imprinted miRNAs. We mapped all validated imprinted genes and miRNAs in the mouse visual system into all 20 mouse chromosomes and found that when multiple imprinted genes and miRNAs were present on the same chromosome they were usually clustered together (Fig. 3d) . Moreover, we also identified three isoform-dependent specific imprinted genes: H13 (Fig. 4 ), Herc3 and Trappc9 (Fig. 6 ). We also identified brain-predominant imprinted genes such as Ago 2 ( Fig. 7) , and brain-region-specific imprinted genes such as Rtl1 (Fig. 8) . Interestingly, most imprinted miRNAs we identified here were restricted to the Dlk1-Dio3 imprinted locus (Fig. 3d ). Many imprinted gene and miRNA candidates identified by RNASeq were determined to be false positives when MassARRAY and Sanger sequencing validation were performed for candidate genes and miRNAs, respectively. These results could be due to the low sample size for RNA-Seq analysis. We performed our RNA-Seq analysis using tissues from one offspring of each of the reciprocal crosses. Our results illustrate the importance of multiple biological replicates in RNA-Seq analysis and validating imprinted gene and miRNA candidates following RNA-Seq with a second approach. To determine if the false positives were lowly expressed genes, we examined the expression levels of imprinted gene candidates from RNA-Seq and follow-up analysis; we added this information to Supplementary Material, Table S4 . The imprinted gene candidates that did not pass the MassARRAY validation were not lowly expressed genes. However, the imprinted gene candidates that did pass the MassARRAY validation were expressed significantly higher than those that did not pass the MassARRAY validation. We summarized these comparisons in a datasheet titled 'Expression' in Supplementary Material, Table S4 . This observation indicates that higher expression levels of imprinted gene candidates increase the levels of RNA-Seq reads containing SNPs and in turn, increase the accuracy of follow-up statistical analysis after RNA-Seq. Our results showed a comprehensive view of imprinted genes and miRNAs in the mouse visual system. Moreover, our data suggest that monoallelic gene and miRNA expression is prevalent in the brain transcriptome regardless of brain region and types of genes.
Next, we determined whether light experience could affect the imprinting status of our validated imprinted genes and their isoforms in the visual system by examining imprinted genes from DR mice in the four brain regions (Supplementary Material, Table S6 ). Only the SCN of DR mice exhibited a partial alteration in imprinting status of H13, which was seen by a change in pattern for H13-005 (Fig. 4a ) with a paternal: maternal ratio of 70: 30 shifting to 60: 40. However, we did not observe a similar alteration of imprinting pattern in H13-001 (Fig. 4b) or H13-002 (Fig. 4c ) which showed strong expression from the maternal allele in both conditions. There was no difference of overall in expression levels for H13-001, -002, -005 under NR and DR conditions (Fig. 4d) . Next, we determined whether lightexperience could affect the levels of expression of all our validated imprinted genes in the visual system (Supplementary Material, Table S7 ). However, we did not observe any change in levels of expression of all our validated imprinted genes (Supplementary Material, Table S7 ). Our results showed environmental cues such as light experience could at least partially affect the imprinting status of imprinted genes.
Imprinted miRNAs can be modulated by light experience
Imprinted miRNAs can regulate their corresponding imprinted genes, such as levels of Rtl1 being affected by its antisense miR127 and miR136 (38, 39) . However, the function and number of imprinted miRNAs present in the brain have not been well studied. Our system allowed for comprehensive profiling of imprinted genes in the mouse visual system; hence we further profiled imprinted miRNAs on a genome-wide scale in P28 mice. We identified novel paternally or maternally expressed imprinted miRNA candidates with our RNA-Seq approach (Supplementary Material, Table S5 ). Candidate miRNAs were further confirmed by Sanger sequencing (Fig. 5a, top) . We also examined whether the imprinting status of those validated imprinted miRNAs was altered by DR conditions. However, we did not observe any change of imprinting status of validated imprinted miRNAs in DR mice (Fig, 5a, bottom) .
Next, we determined whether light experience could affect the expression levels of our validated imprinted miRNAs in the visual system. We observed that under DR conditions, the expression level of miR882 was up-regulated in the retina, and miR329 and miR453 were up-regulated in the visual cortex (Fig. 5b) . GO analysis was performed for miR882 and miR453 targeted genes (Fig. 5c ), and we observed that genes related to metabolic processes were affected. These miRNAs are imprinted and are part of the same imprinted cluster on mouse chromosome 12. Our results showed environmental cues such as light experience could regulate the expression levels of imprinted miRNAs in the visual system.
The imprinting status of Trappc9 is isoform-dependent
To explore the relationship between imprinting status, expression levels and DNA methylation levels of differentially methylated regions (DMRs) of imprinted genes at different developmental time-points, tissues and brain regions, we validated and further analyzed three imprinted genes: Trappc9, Ago2 and Rtl1. Trafficking Protein Particle Complex 9 (TRAPPC9) and DR conditions were measured by qRT-PCR. Student's t-test, two-tailed, **P < 0.01, *P < 0.05, n ¼ 5-10 per group. (c) GO analysis was performed for miR882 and miR453 target genes. Red-lettered miRNAs ¼ maternally expressed; blue-lettered miRNAs ¼ paternally expressed. SCN, suprachiasmatic nucleus. controls protein trafficking (40) and is expressed in neurons (41) . A mutation of TRAPPC9 was identified in persons with intellectual disabilities and postnatal microcephaly (42) (43) (44) (45) (46) . Despite the importance of TRAPPC9 in the brain, its physiological function remains unknown. Trappc9 exhibits a complex temporal, regional and isoform-specific expression and imprinting profile in the brain. We first focused on two major isoforms of Trappc9 (201 and 204) (Fig. 6a) . RNA-Seq data revealed Trappc9-201 was expressed in a strain-specific manner in the retina, motor cortex, SCN and visual cortex and Trappc9-204 was paternally expressed in the motor cortex, SCN and visual cortex but not the retina (Fig. 6b, top) . After further analysis using the MassARRAY system, we observed that Trappc9-201 is more highly expressed than Trappc9-204, was maternally expressed in the visual and motor cortex, whereas expression in the retina and SCN was strain-specific (Fig. 6b, middle right) . In contrast, although its levels of expression were low, Trappc9-204 was paternally expressed in motor cortex, SCN and visual cortex but not imprinted in the retina where its expression was highest (Fig. 6b, bottom) . Expression levels of Trappc9-201 did not differ in the four brain regions of the mouse visual system (Fig. 6b,  middle left) . Furthermore, the imprinting status of the isoforms of Trappc9 differed over stages of development and within organs. Trappc9-201 was not detected in brain or placenta of E15.5 mice. However, by P28, it was maternally expressed in brain but biallelically expressed in the heart (Fig. 6c, top) . In contrast, Trappc9-204 was predominantly expressed in the brain of E15.5 and P28 mice, where it was paternally expressed. Paternal expression of Trappc9-204 was also detected in the heart and kidney at P28 (Fig. 6c, bottom) . Trappc9-204 was not imprinted in P28 liver or E15.5 placenta (Fig. 6c, bottom) .
To determine whether differential methylation might correlate with the regional and isoform-specific imprinting of Trappc9-201 and 204, we assessed methylation at the Peg13 DMR, known to regulate imprinting at least of Trappc9 and Peg13. Since there are no identified DMRs for Trappc9, we chose the Peg13 germline DMR (47,48) as a potential regulator of Trappc9. We first measured DNA methylation levels of Peg13 DMR in the visual cortex, retina and heart with a MassARRAY approach. We did not observe any difference in methylation patterns of Peg13 DMR among those tissues, which were either imprinted or not imprinted (Fig. 6d, right) . These results ruled out the potential correlation between distinct DNA methylation patterns of Peg13 DMR and the different imprinting status of Trappc9 isoforms. While we have not identified an epigenetic correlate of Trappc9 isoform-specific imprinting, our results confirm that imprinting can be isoform-specific, including in the mouse visual system.
Ago2 is predominantly imprinted in the brain
Argonaute RISC catalytic component 2 (AGO2) (Fig. 7a) functions as an endonuclease and regulates miRNA-mediated gene silencing (49) . The role of AGO2 in the brain remains unclear. However, AGO2 has been reported to regulate cocaine addiction in dopamine 2 receptor-expressing neurons (50) . RNA-Seq showed Ago2 was maternally expressed in motor cortex, SCN and visual cortex but not retina of NR mice (Fig. 7b, top) and its imprinting status was further verified with a MassARRAY approach (Fig. 7b, bottom right) . Higher expression levels of Ago2 occurred in the SCN compared to other brain regions in the visual system (Fig. 7b, bottom left) . Interestingly, although Ago2 was biallelically expressed in retina, expression was not higher than levels in the SCN, in which Ago2 is imprinted. More interestingly, we found that Ago2 was predominantly expressed from the maternal allele in embryonic day 15.5 (E15.5) and P28 brains but not imprinted in peripheral tissues such as heart, liver, kidney and placenta (Fig. 7c) . In short, Ago2 was highly expressed and imprinted in the brain (Fig. 7c) . These findings imply AGO2 has the potential for a significant role in the brain, which could include an impact on the processing of miRNA modulated by light experience. Our finding provides important validation for a recent report on the imprinting of Ago2 in the brain (51) . Ago2 is linked to the Peg13/Trappc9 imprinted domain, and its specificity could be regulated by differential DNA methylation. To investigate whether differential DNA methylation might regulate the brain-specific imprinting status of Ago2, we examined its CpG islands for potential differential methylation in the retina and visual cortex to determine whether it might be a regulatory DMR (Fig. 7d) . Ago2 was imprinted in the visual cortex but not in the retina. No difference was observed in methylation levels in the Ago2 CpG islands of mouse visual cortex and retina, which eliminates a possible correlation between the Ago2 CpG islands and its brain-specific imprinting status.
Imprinting status of Rtl1 is brain-region-specific
Retrotransposon-like 1 (Rtl1), which is a paternally expressed imprinted gene (39, 52) , is essential for the maintenance of fetal capillaries (53) and is a novel driver of hepatocarcinogenesis (54) . Rtl1 antisense is maternally expressed and is the host for seven miRNAs (39, 52) (Fig. 8a) . Our RNA-Seq data indicated that, surprisingly, Rtl1 was maternally expressed in retina, motor cortex and visual cortex (Fig. 8b, top) . To distinguish Rtl1 sense from its antisense, we generated Rtl1 strand-specific cDNA for PCR amplification. Sanger sequencing confirmed the imprinting status of Rtl1 in the visual system. We found that Rtl1 was indeed maternally expressed in retina, motor cortex and visual cortex (Fig. 8b, middle) like its miRNA containing antisense transcript. In contrast, Rtl1 was paternally expressed in the SCN (Fig. 8b, middle) . Rtl1 was enriched in the SCN in the visual system (Fig. 8b, bottom) . Confirmation of our RNA-Seq data with Sanger sequencing in different brain regions of the visual system suggests the imprinting status of Rtl1 is brain-region-specific. Furthermore, our data confirmed that Rtl1 was paternally expressed and Rtl1 antisense was maternally expressed in E15.5 and P28 brains and in E15.5 placenta (Fig. 8c, top) . Also, Rtl1 was highly expressed in E15.5 placenta and E15.5 and P28 brains (Fig. 8c, bottom) .
The unexpected inconsistency of the imprinting status of Rtl1 between P28 brain and distinct regions in the visual system (visual cortex, motor cortex and retina) suggested that Rtl1 could be imprinted more widely in a brain-region-specific manner. To further address this issue, we investigated the imprinting status of Rtl1 in five other brain regions: olfactory bulb, cortex, subcortex, cerebellum and brain stem (Fig. 8d, left) . Here we defined subcortex as an area below cortex but not including brain stem. Rtl1 was paternally expressed in the subcortex and brain stem but maternally expressed in the olfactory bulb, cortex and cerebellum (Fig. 8d, right) . Rtl1 antisense was maternally expressed in all five of these brain regions (Fig. 8d, right) . Interestingly, Rtl1 was highly expressed in subcortex and brain stem, where it was paternally expressed. To explore whether the methylation status in the DMR could contribute to the brain-region-specific imprinting of Rtl1, we examined the IG-DMR, Gtl2-DMR, and a novel DMR, the CpG3-DMR in the visual cortex, brain stem and cerebellum (55) . We determined the methylation pattern of Gtl2-DMR was similar among these tissues (Fig. 8e, top) , which ruled out a possible role for Gtl2-DMR in the brain-regionspecific imprinting status of Rtl1. In addition, the methylation states of the IG-DMR and CpG3-DMR (Figs 8e, bottom, and Supplementary Material, Fig. S7 ), did not correlate with opposite imprinting of Rtl1 in the cerebellum or brain stem and hence they too are unlikely to contribute directly to the differential imprinting in the two regions. Nonetheless, our Rtl1 data is additional evidence that imprinting status can vary in different brain regions.
Discussion
Maturation of the visual system depends on light experience, and epigenetic mechanisms have the potential to contribute to its maturation. One well-established epigenetic process is genomic imprinting, and we asked whether it might have a role in the visual system. Our findings are the first comprehensive profiling of the imprintome in the retina, SCN, visual cortex and motor cortex. Furthermore, we determined the imprintome and transcriptome of these tissues under normal-and dark-rearing conditions. We examined isoform-and brain-region-specific imprinted genes, and that imprinted genes could be modulated by light experience. In addition, for the first time, we comprehensively profiled imprinted miRNAs in the visual system and identified alterations in imprinted miRNA expression in dark-reared animals. These alterations are unlikely a result of changes in expression of Ago2; although Ago2 is also imprinted in the visual system, neither its expression levels nor imprinting status was altered in DR mice. Our data provide a comprehensive transcriptomic comparison of key brain regions as well as the first evidence of light-experience regulation of the imprintome and transcriptome in the mouse visual system. In general, although some imprinted miRNAs were up-regulated in the retina and visual cortex of DR mice, most imprinted genes themselves showed little or no visual system specific change in response to dark rearing. H13 was the only gene whose imprinting status was slightly altered in the SCN of DR mice. More generally, our findings showed that the visual system, like the other areas of the brain, has region-specific transcriptomes, including miRNAs, which can be altered by light experience. Interestingly, the transcriptome of the motor cortex was also altered by light experience, indicating that light experience might influence motor activity.
Our results also strongly suggest the importance of validating imprinted gene candidates identified by RNA-Seq analysis with a second approach such as a single-gene MassARRAY system or Sanger sequencing analysis. RNA-Seq is a powerful tool for initially identifying imprinted genes on a genome-wide scale. However, such strain-specific allelic transcriptome quantification in hybrids is bioinformatically challenging, results should be considered with caution and a means of further validation should be employed. Moreover, we identified many more genes whose allele-specific expression is either strainspecific or at random in the 'off-diagonal' clusters of Figure 3b and c. Since it is out of the scope of this study, we did not pursue them further.
Our findings that Trappc9 is imprinted in a gene-isoformspecific manner in the mouse visual system (Fig. 6) are consistent with other RNA-Seq studies in adult medial prefrontal cortex and preoptic area (56) . Interesting follow-up questions will address what molecular mechanisms regulate this gene-isoform-specific effect and whether these two isoforms (Trappc9-201 and Trappc9-204) function differently in the brain. Interestingly, one study showed that methylation of the H13 DMR regulates alternative polyadenylation sites and further controls isoform-specific imprinting of H13 in the brain (57) . The implications from our study are that Trappc9 might utilize different polyadenylation sites for its isoform-specific imprinting.
Our results showing that Ago2 is predominantly imprinted in the brain (Fig. 7) suggest that AGO2 target miRNAs could play important roles in the brain. Therefore, it will be of interest to further profile and investigate AGO2 target miRNAs and target genes affected by AGO2 target miRNAs in the brain. It will also be of interest to investigate the physiological roles of our verified imprinted miRNAs in the mouse visual system (Fig. 5) .
Rtl1 was imprinted in a brain-region-specific manner (Fig. 8) ; although RTL1 regulates fetal capillaries in the placenta (53), the role of RTL1 in the brain is completely unknown. Therefore, it would be of interest to further investigate the biological significance of brain-region-specific imprinting of Rtl1 as well as the physiological function of RTL1 in the brain. We were unable to uncover a methylation-mediated mechanism of imprinting switching at existing DMRs hence the mechanism of maternal versus paternal-specific expression of Rtl1 in the brain remains to be elucidated. The expression levels of Rtl1 in the retina, MC and VC were 0.2, 0.6 and 0.6 (FPKM), respectively. With the exception of the retina, expression of Rtl1 in the MC and VC is twice as high as the noise expression level, whose cutoff is 0.3 FPKM. Therefore, at least in the MC and VC, we believe Rtl1 expression from the maternal allele is at an acceptable level. From the results of Figure 8b and d, we conclude that the expression level of maternally expressed Rtl1 is lower than that of paternally expressed Rtl1. The phenomenon is quite interesting and one hypothesis is that Rtl1 could use the pareantal alleles to regulate its expression level in different brain regions. It would be of interest to test this hypothesis in the future. Our complex results of genomic imprinting in the mouse visual system are consistent with previous findings (51, 58) showing parental biases for gene dosages can be regulated by combined effects such as age, organs and brain regions.
Our light-experience regulated transcriptomic and imprintomic profiling of the visual system provides insights into how the imprinting status of genes, including miRNAs, can be read out in different contexts, which have important implications for human visual impairments and circadian rhythm disorders resulting from a dysfunctional imprintome. Our findings fill a gap in understanding genomic imprinting in brain function with an emphasis on light-experience regulation of the visual system. Finally, our study provides new insights into genomic imprinting in the context of neurological and psychiatric diseases and may deepen our understanding of brain evolution, function and disorders.
Materials and Methods
Mice C57BL/6J (B6) mice (Stock number: 000664) and CAST/EiJ (CAST) mice (Stock number: 000928) were purchased from the Jackson Laboratories (Bar Harbor, ME). We crossed the B6 strain with a wild-type strain on a CAST background [F1 initial cross (F1i), CAST mother Â B6 father; F1 reciprocal cross (F1r), B6 mother Â CAST father]. This breeding produced offspring with a B6 and CAST background. The B6/CAST mixed background has the advantage of yielding more identifiable single SNPs. At embryonic day 15.5 (E15.5) or postnatal day 28 (P28), brains from offspring were collected for further processing. To confirm our observations from F1i mice, we performed a reciprocal cross [F1 reciprocal cross (F1r): B6 mother Â CAST father]. We performed one male mice from F1i and F1r for RNA-Seq and validation experiments with MassARRAY analysis or Sanger sequencing. Normal-reared mice were raised on a 12-h light/dark cycle, whereas dark-reared mice were raised in complete darkness from birth to P28. Dark-reared mice were sacrificed in a dark room at P28. The National Taiwan University College of Medicine and College of Public Health Institutional Animal Care and Use Committee (IACUC) approved all procedure (IACUC no.: 20130027). All experiments were performed in accordance with the approved guidelines.
RNA sequencing (RNA-Seq)
Total RNA was extracted from the retina, motor cortex, SCN and visual cortex (V1) of F1i and F1r mice using a NucleoSpin miRNA kit (Macherey-Nagel, 740971) according to the manufacturer's instructions. The RNA was quantified with an ND-1000 spectrophotometer (Nanodrop Technology) and tested for quality on a Bioanalyzer 2100 (Agilent Technology) with an RNA 6000 LabChip Kit (Agilent Technology). Ribosomal RNA was removed from the purified RNA with the Ribo-Zero Magnetic Gold Kit (Epicentre, MRZG126). Purified RNA was then amplified and prepared for sequencing with a SureSelect Strand-Specific RNA Library Prep Kit (Agilent Technologies, G9691A). Libraries from both reciprocal hybrid intercrosses were sequenced using sequencing-by-synthesis technology (TruSeq SBS Kit v3-HS, Illiumina, FC-401-3001) on an Illumina HiSeq2000 (100 base pairs-paired end reads) at the Welgene Biotech Company, which generated 6 Gb of data per sample. All samples were collected at ZT2 (Zeitgeiber time 2) or CT2 (circadian time 2) for NR or DR mice, respectively, and the sample size was indicated in the legend. Total read number and mappability of all samples to transcripts or B6 and CAST genome were shown in Supplementary Material, Table S8 . The RNA-Seq and DNA-Seq data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus (59) and are accessible through GEO Series accession number GSE98117.
RNA-Seq analysis
Initially, the sequences generated were filtered to obtain qualified reads. ConDeTri was implemented to trim or remove the reads according to the quality score. Qualified reads after filtering low-quality data were analyzed using TopHat/Cufflinks for gene expression estimation (60) . The gene expression level was calculated as FPKM (fragments per kilobase of transcript per million mapped reads). For differential expression analysis, CummeRbund was employed to perform statistical analyses of gene expression profiles. The reference genome and gene annotations were retrieved from Ensembl database (GRCm38). Genome Analysis Toolkit (GATK) was used for SNP finding and genotype determination. MMSEQ was applied for allelicspecific-expression (ASE) analysis (61) . There are 554 233 SNPs between B6 and CAST strain. A total of 72.74% of Ensembl Transcript (total number is 103 639) can be used for ASE analysis. Candidates for imprinted genes met the following requirements: the expression level was above 0.3 FPKM; the log 10 ratio of maternal and paternal expression level was above 0.5 or below À0.5 and the parental bias was validated from the F1i and F1r mice. 
Reverse transcription quantitative PCR (RT-qPCR) analysis

miRNA quantification
Mature miRNAs were extracted from different brain regions of mouse visual system using a NucleoSpin V R miRNA kit (Macherey-Nagel, 740971). Mature miRNAs were lengthened with a Poly(A) tail kit [Poly(A) Tailing Kit; Ambion, AM1350] due to the short length of mature miRNAs. The poly(A)-tailed mature miRNAs were then reversely transcribed into cDNA with a poly(T) anchor adaptor. The mature miRNAs were then amplified and quantitated by qRT-PCR using a specific mature miRNA forward primer and a universal adaptor primer. Primer sequences of mature miRNAs are shown in Supplementary Material, Table S10 .
To validate the primer sequences of mature miRNAs, the amplified PCR product was cloned with the TOPO TA Cloning Kit (Invitrogen, 450071). Plasmid DNA was extracted with the Presto Mini Plasmid kit (Geneaid, PHD100). Sanger sequencing of the purified plasmid used M13-tailed primers, which can yield sequences up to approximately 200 bp.
Wheel-running activity test
P21 NR and DR mice were transferred to individual cages containing a running wheel and maintained on an NR-or DR-cycle. Wheel-running activity was measured over a 7-day period: wheel revolutions per minute were recorded; the daily onset of activity, free-running period, average daily activity and amplitude of rhythmicity was calculated.
Confirmation of imprinted gene and miRNA candidates
Total RNA from the visual cortex, SCN, motor cortex and retina of NR-and DR-mice was extracted using the RNeasy Lipid Tissue Mini Kit (QIAGEN, 74804). The RNA was converted to cDNA using SuperScript V R III Reverse Transcriptase (Invitrogen, 18080-044). Amplification was performed using Platinum V R Taq DNA polymerase (Invitrogen, 10966083) on a C1000 Touch Thermal Cycler (Bio-Rad). PCR product was purified with NucleoSpin V R Gel, and PCR Clean-up kit (Macherey-Nagel, 740609)
and Sanger sequencing were performed at the Genomics Biosci & Tech company. All primer sequences are listed in Supplementary Material, Tables S9 and S10. SNPs for confirming imprinted miRNAs are within primary miRNA sequence. We defined the primary miRNAs sequence as the genomic locus from 500 bp upstream to 500 bp downstream of mature miRNA sequence.
MassARRAY platform analysis
SNP genotyping was performed with the Agena MassARRAY System with iPLEX Pro chemistry (Agena, San Diego, CA), according to the manufacturer's instructions. PCR primer and extension primer sequences were designed with an Assay Designer software package (v.4.0). The PCR reaction was performed with 1 ul of cDNA using the PCR Accessory and Enzyme Kit (Agena), according to the manufacturer's instructions. Thermocycling was performed at 94 C for 4 min were cleaned with a cationic exchange resin to remove residual salt. Primer extension products (7 nl) were loaded onto a matrix pad of a SpectroCHIP (Agena). SpectroCHIPs were analyzed using a MassARRAY Analyzer 4, and the calling by clustering analysis with TYPER 4.0 software. All primer sequences are provided in Supplementary Material, Table S11 . The cut-off ratio for the allelic expression status (expression levels of dominant allele/expression levels of not dominant allele) in the MassARRAY analysis is above '0.7' for P/M/S.
Allele-specific methylation analysis
Genomic DNA from the visual cortex, SCN, motor cortex and retina of NR mice was extracted with the NucleoSpin V R Tissue (Macherey-Nagel, 740952) and bisulfite treated with the EpiTect Bisulfite Kit (QIAGEN, 59104). The PCR cycling conditions were as follows: initial denaturation at 94 C for 2 min followed by 39
cycles of 94 C for 30 s, 55 C for 30 s and 72 C for 25 s and a final extension at 72 C for 5 min. Amplification was performed on a C1000 Touch Thermal Cycler (Bio-Rad). Quantitative methylation analysis was performed with the Agena MassARRAY System with MassCLEAVE Chemistry (Agena, San Diego, CA) according to the manufacturer's instructions. Unincorporated dNTPs were deactivated using 0.3 U of shrimp alkaline phosphatase at 37 C for 20 min. The in vitro transcription and base-specific cleavage reaction are performed with the MassCLEAVE kit (Agena). After the addition of a cation exchange resin to remove residual salt from the reactions, 7 ul of the purified MassCLEAVE reaction was loaded onto a matrix pad of a SpectroCHIP (Agena). Spectra were acquired using a MassARRAY Analyzer 4, and the methylation level was analyzed by EpiTYPER software. For IG-DMR and CpG3-DMR methylation analysis, bisulfite-treated DNA was amplified with each specific primers. Purified PCR products were subcloned with TOPO TA cloning kit (Invitrogen, 250030) and plasmid DNAs from selected clones were extracted with Presto Mini Plasmid Kit (Geneaid, PHD100) for Sanger sequencing. All primer sequences are provided in Supplementary Material, Table S9 .
Statistical and bioinformatic analysis
All data are presented as mean 6 S.E.M., with sample sizes (n) shown in figures or stated in the text. Statistical analyses were performed using SigmaPlot 11 (Systat Software). Normality tests (Shapiro-Wilk) and equal variance tests were run and passed (P > 0.05) before parametric statistical analyses were run. The Venn diagram was drawn through this webpage: http://bioinfor matics.psb.ugent.be/webtools/Venn/; date last accessed Janurary 18, 2018. The target genes of miRNAs were identified with 'microRNA target prediction and functional study database (miRDB)' (http://www.mirdb.org/miRDB/; date last accessed Janurary 18, 2018). GO analysis of target genes was performed with 'gene ontology enrichment analysis and visualization tool (GOrilla)' (http://cbl-gorilla.cs.technion.ac.il/; date last accessed Janurary 18, 2018). miRNA enrichment analysis was performed with 'MiRNA Enrichment Analysis and Annotation (MiEAA)' tool (https://ccb-compute2.cs.uni-saarland.de/mieaa_tool/; date last accessed Janurary 18, 2018).
Supplementary Material
Supplementary Material is available at HMG online.
